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Abstract
We present a quick and reliable method to cut 2D materials for creating
2D twisted heterostructures and devices. We demonstrate the effectiveness
of using a tapered fibre scalpel for cutting graphene. Electrical transport
measurements show evidence of the desired twist between the graphene lay-
ers fabricated using our technique. Statistics of the number of successfully
twisted stacks made using our method is compared with h-BN assisted tear-
and-stack method. Also, our method can be used for twisted stack fabrication
of materials that are few nanometers thick. Finally, we demonstrate the ver-
satility of the tapered fibre scalpel for other shaping related applications for
sensitive 2D materials.
Two dimensional (2D) materials harbour a host of exciting phenomena [1].
The newly discovered unconventional properties of these materials are of
interest to multiple disciplines. There is an interest in the physics of excitons
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in transition metal dichalcogenides (TMDC) moir superlattices [2]. Recently,
twisted bilayer graphene devices, in particular, have risen to prominence due
to the presence of flat bands that can host correlated states.
For the case of monolayer graphene based twistronic devices, a precise
twist angle, called magic angle’, host a flat band that results in correlated
insulating states [3]. Since the discovery of correlated insulating states in
twisted graphene devices, further studies on twisted bilayer graphene have
discovered signatures of superconductivity [4] and ferromagnetism [5]. Theo-
retical proposals and initial experiments also suggest that introducing a twist
angle in between other 2D heterostructure layers is a powerful knob to access
flat band physics in other 2D materials like bilayer graphene [6, 7], trilayer
graphene [8] and TMDCs [2,9, 10].
While many different techniques to create 2D van der Waals heterostruc-
tures existed [11–14], creating twisted heterostructures remained a challenge
until recently [15].Introducing a deterministic twist angle between two layers
requires knowledge of the relative orientation of their crystallographic axes.
There is no easy way to get directions of crystallographic axes with suffi-
cient accuracy reliably. A simple solution is to cut a large flake into two
pieces [15] and place them on top of each other with a rotation angle intro-
duced between them. This ensures that the crystallographic axes in the two
sections are perfectly aligned before twisting. Twisted 2D heterostructures
are typically made using h-BN assisted tear-and-stack method [15], which
is a challenging and probabilistic process. An alternate way of controllably
making twisted structures is to slice graphene before making the twisted
heterostructure. Most exfoliated flakes are small, of the order of 10 µm, so
precise control is required to cut flakes. AFM cutting [16] and electron beam
lithography (EBL) patterning [15] followed by etching of the flake are some
methods to cut a flake. However, using AFM or EBL for sectioning may
leave residue and is time-consuming. There is a need for a reliable and facile
technique for cutting 2D flakes.
In this paper, we present a simple method to section 2D flakes using
tapered fibre scalpel (TFS), which can be integrated with the microscope used
for stacking. We demonstrate the sectioning of graphene flakes (dimensions of
about 30 µm) and make twisted double bilayer graphene devices. The TFS
is very versatile, and we also use it to shape other sensitive 2D materials
which might get contaminated by fabrication using lithographic techniques.
Further, the TFS can also be used to cut materials a few nanometers thickness
with ease.
Optical fibres can be tapered using a fibre pulling process that is used
extensively for many applications [17]. We use these tapered optical fibres
(details of optical fibre preparation are provided in S1 of supplementary in-
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formation) as scalpels for slicing 2D materials. The schematic of the cutting
process is depicted in Fig. 1(a).
We exfoliate h-BN and graphene flakes on 280 nm SiO2/Si substrate. The
TFS is placed on a glass slide like a cantilever, as shown in Fig. 1(b), and the
glass slide is fixed on the motorized micrometer precision stage, also used
for stacking. We then bring the TFS near the flake and slowly raise the
bottom stage containing the chip. Using the focus of the optical microscope,
we determine when the chip on the bottom stage comes in contact with the
TFS; after this, the flake is cut. We move the TFS in the direction we want
to cut at a low speed of 1 µm/s. Higher speed may lead to folding near the
edge of the flake. Fig. 1(c) and Fig. 1(d) are the optical images of the bilayer
graphene flake before and after cutting using TFS.
By changing the relative orientation of the chip before cutting, and mov-
ing with low speed while cutting, we can slice graphene flakes along any
direction. Further, this method of slicing of flakes makes use of a stacking
stage, which is readily available for making van der Waals heterostructures.
The TFS is easy to fabricate, and also ensures that the flake is minimally
contaminated.
More details of the cutting procedure can be found in S1 of supplementary
information.
After slicing the graphene, the twisted devices are made using conven-
tional van der Waals pick up technique. Fig. 2(a) shows a schematic of the
pick-up process of the two portions of the cut graphene flake. To prepare
the twisted graphene stack, we first align the h-BN on a PC-PDMS stamp
with the graphene such that it covers only one section of the sliced graphene
flake [15] as shown in Fig. 2(b). We thus pick up one cut portion of the
graphene. We then rotate the chip with the second portion of graphene by a
specified angle θ and pick-up the second half of the graphene using van der
Waals forces to complete the twisted stack as shown in Fig. 2(c). The color
enhanced optical micrographs from Fig. 2(b) and Fig. 2(c) can be found in S4
of the supplementary information. We make Hall bar devices of the twisted
double bilayer stacks and electrically characterize them. The twisted devices
made show moir bands, proving that it is indeed twisted. We present evi-
dence of the moir peaks in one of the devices made using the slice-and-stack
method subsequently.
The statistics of 10 consecutive attempts of making twisted devices using
the tear-and-stack method and slice-and-stack method is shown in Table 1.
As is clear from the data, using the slice-and-stack method, we are able
to make twisted stacks with ease in the first attempt reliably. The yield
of the devices twisted successfully is better than the tear-and-stack method.
Additionally, unintentional straining in the stack [18] can result from the tear-
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Table 1: Comparison table of success of first half flake pickup using tear-
and-stack and using slice-and-stack method.
Method Twisted stack number 1st section picked up at
Tear-and-stack Stack 1 6th attempt
Stack 2 3rd attempt
Stack 3 7th attempt
Stack 4-10 Not successful
TFS assisted slice-and-stack Stack 1 Not successful
Stack 2-10 1st attempt
and-stack method, which can be avoided using the slice-and-stack method.
Commonly used methods for cutting graphene before stacking includes
AFM cutting [16] and EBL [15]. Cutting graphene with AFM takes a large
amount of time (around an hour). EBL patterning is another reliable method
to slice flakes, but is time-consuming and can cause contamination of flakes.
Using the TFS, we can achieve rapid cutting of graphene flakes (at a speed
of 1 µm/s) with minimal contamination.
Now, we discuss the electrical response of the fabricated twisted double-
bilayer graphene device that proves the efficacy of our technique. Fig. 3(a)
shows image of a device fabricated using the TFS assisted slice-and-stack
method. Fig. 3(b) shows the 4-probe resistance as a function of gate induced
charge density and perpendicular electric displacement field (D) of a twisted
double bilayer graphene device fabricated using the TFS assisted slice-and-
stack. The data from the twisted double bilayer graphene device can be used
to extract the bandgaps and bandwidths of the system [19].
Fig. 3(c) shows the device resistance as a function of gate voltage for a
device made using this method. The moir peaks are distinctly visible. Moir
patterns were consistently obtained in devices twisted with this method.
More resistance as a function of gate voltage curves showing moir peaks for
other devices are provided in S3 of supplementary information.
Thus far, we have used the TFS for slicing graphene quite frequently.
However, the TFS can also be used for shaping other 2D flakes in a regular
desired geometry. For example, 2D materials like the high Tc superconduc-
tor Bi2Sr2Ca2Cu3O10+δ (BSCCO) in a few unit-cell limit are of great inter-
est [20–22]. However, the time-dependent degradation of BSCCO in ambient
conditions [20] makes it difficult to work with. The minimal invasiveness and
rapidity of cutting with the TFS, along with its simple integration with the
micrometer precision stage used for stacking, make the TFS ideal for shaping
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purposes. We regularly use the TFS to rapidly shape BSCCO flakes with-
out using any chemicals. This shaping step is crucial to our devices, as it
helps us control the device geometry. Fig. 4(a) and Fig. 4(b) show an optical
micrograph of a BSCCO device before and after shaping respectively.
The TFS were also used in isolation of an area with ABC stacked trilayer
graphene stacking in a larger flake. ABC trilayer is typically a smaller frac-
tion of exfoliated flake and easily converts to ABA graphene on heating [23]
if in contact with ABA trilayer graphene. So, it is necessary for it to be iso-
lated from surrounding ABA graphene regions before being fabricated into
a device. Traditional lithography techniques involve heating and chemicals,
which can result in contamination. With the TFS, we easily isolate the ABC
trilayer graphene from the ABA trilayer graphene. Fig. 4(c) and Fig. 4(d)
show the trilayer graphene flake before and after the ABC trilayer region is
separated out.
In general, stacking picks up the flakes in the neighborhood of our flake
of interest, which can be an issue while making devices. We remove any un-
wanted flakes around our flake of interest easily with the help of the TFS and
a micrometer precision stage. Fig. 4(e) and Fig. 4(f) show images of a h-BN
flake before and after its surroundings are cleaned with the TFS respectively.
Other examples of slicing 2D flakes are provided in S2 of supplementary
information.
We have demonstrated the efficacy of the slice-and-stack technique of
making twisted graphene stacks. Additionally, the slice-and-stack technique
can be used for graphene slicing with a TFS for rapidity, reliability, and min-
imal contamination. The tapered fibre scalpel described is easily integrated
with existing stacking setups and easy to use. In general, the TFS can be used
for slicing any 2D materials rapidly and can also be used to create twisted
stacks of other few nanometer-thick materials like transition metal dichalco-
genides (TMDCs). Additionally, it can also be used for cleaning areas near
a flake of interest while stacking.
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Figure 1: Cutting flakes with TFS and integration with stacking micro-
scope:(a) Schematic of the cutting process using a Tapered Fibre Scalpel
(TFS). (b) Photograph of the TFS mounted like a cantilever on a glass slide.
The TFS is mounted on a glass slide and bent using scotch tape. The glass
slide is then mounted on the micrometer stage to cut flakes. (inset): Optical
image of the TFS. (c) and (d) Image of a graphene flake before cutting and
after cutting with the TFS respectively.
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Figure 2: Twisted heterostructure stacking using slice-and-stack: (a)
Schematic of stacking with a sliced graphene flake for twisted graphene het-
erostructure. (b) Colour enhanced optical image of a sliced graphene flake
being picked up by h-BN assisted van der Waals heterostructure stacking
with the cut visible. Yellow and pink dashed lines indicate the boundaries
of the sliced graphene. (c) Colour enhanced optical image of the second
graphene transferred after rotation. Yellow and pink dashed lines indicate
boundaries of the sliced graphene.
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Figure 3: Data from a twisted graphene device made using slice and stack
method: (a) Optical micrograph of a fully fabricated dual gated twisted
double bilayer graphene device made using the slice-and-stack technique.
Dual gates allow independent control over the perpendicular electric field
applied on the device and charge density of carriers in the device. (inset)
Colour enhanced optical image of the twisted double bilayer graphene stack
made using this method. The two graphene layers, covered by hBN from
top and bottom sides, are clearly visible in the tweaked image. (b) A color
scale plot of 4-probe resistance of the device having a twist angle θ = 1.18◦,
as a function of charge density (n) and perpendicular electric displacement
field (D). It demonstrates features which are characteristic to a small-angle
twisted double bilayer graphene device. (c) A line slice plot of resistance
vs. charge density is shown for D/ε0 = -0.25 V/nm, showing all the three
resistance peaks corresponding to the charge neutrality point gap at n=0 and
the two moir gaps at n= ±3.21012 cm-2.
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Figure 4: Shaping other materials using TFS: (a) and (b) Optical images
of the BSCCO device before and after shaping of BSCCO flake respectively.
Inset: higher magnification image. (c) and (d) optical images of ABA and
ABC flake before and after separating ABA and ABC portions respectively.
Encircled region in (c) is ABC part which was identified using Raman anal-
ysis. (e) and (f) optical images of h-BN flake before and after cleaning its
surroundings respectively.
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Supplementary Information
S1 Making of tips
Figure S1: Fibre tapering setup details: Schematic of the fibre tapering
setup showing (a) position of clamps while arcing (b) position of clamps
after arcing. (c) and (d) Image of a tapered fibre tip with a zoomed in image
of the tip (inset).
We use a Fujikura 80S optical fibre splicer to taper optical fibres (Thorlabs
SM980) and make sub-micrometer tapers for the TFS. Making the TFS in-
volves 3 steps: building the tension, coarse tapering, and fine tapering of the
fibre. We first remove the polymer coating on the fibre at a desired location
and mount it on the movable holders of splicer as shown in Fig. S1(a). The
holders are spring loaded. Before loading, we move the holder by distance δx
towards the centre using micrometre stage and hold it there. We load a fibre
on the holders and clamp it on both sides. The holders are then released.
This process creates some tension in the fibre and allows the holders to move
away from centre on application of an electric arc which results in taper-
ing. The schematic of the splicer setup before and after tapering is shown
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in Fig. S1(a) and Fig. S1(b) respectively. Tension developed in the fibre
determines the final diameter of the tapering. We have achieved 78±4 µm
diameter for 0.5 mm movement and 36±6 µm for 1 mm movement for single
arc at STD-30 power for 300 ms arcing time.
While tapering the fibres, we have observed that greater tension leads to
higher tapering and thinner diameters but tension if too high leads to fibre
breakage and round edge formation during arcing, forming TFS with diame-
ters more than 5 µm [1] [2]. Thus, we needed careful control of tension and
arc power to successfully create few micron or even sub-micron TFS. We use
two step arcing to make the submicron TFS. This process results in forma-
tion of small diameter TFS reproducibly. We taper the fibre to a diameter of
about 10 µm by giving an optimized tension, and an electric arc with high
arc time. We then apply several low arc time electric arcs which narrows the
tip down to a few micron length scale. The 2 step process of tapering the
fibre ensures that the length of the low diameter portion is small enough to
make the tip effective yet long lasting and robust. The average minimum
diameter we obtain is 1.5±1 µm.
SEM images of two TFS with different diameters 2.5 µm and 0.5 µm
made using this process are shown in Fig. S1(c) and Fig. S1(d). We have
achieved TFS with diameters as small as 500 nm using this two-step process.
Nonetheless, we use TFS with 1 or 2 µm for sectioning the flake because the
visibility of the resulting cut portion is helpful for stacking and because we
find them robust.
2
Figure S2: Mounting TFS on a glass slide: (a) Schematic of the TFS on a
glass slide before bending. (b) Schematic of the fully mounted TFS, bent
with scotch tape.
The TFS is mounted on a glass slide using Scotch tape before cutting.
First, we take a TFS fiber and fix it with scotch tape on a 75x25 mm2
borosilicate glass (BSG) slide. The TFS is fixed such that about 5 mm of
the pointed end of the TFS is protruding from the longer edge of the BSG
as shown in Fig. S2(a). We then bend the hanging portion of the TFS using
scotch tape till the angle between glass surface axis and hanging part is
around 45◦, as shown in Fig. S2(b). The edge of the scotch tape should be
2-3 mm away from the scalpel.
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S2 Other examples of cut flakes
Figure S3: Other flakes cut with TFS:(a) and (b) Graphene flakes before
cutting with optical fibre tip. (c) and (d) Graphene flakes after cutting with
optical fibre tip. The TFS can also be used for separating a thin graphene
flake from a thick graphene flake, as demonstrated in (a) and (c). (e) and
(f) Image of an MoS2 flake before cutting and after cutting with TFS respec-
tively.
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S3 Data from some other twisted devices fab-
ricated using slice-and-stack:
Figure S4: Electrical measurements from some devices made using TFS as-
sisted slice-and-stack: (a) Image of the twisted double bilayer graphene device
2 which is measured. Scale bar represents 10 µm. (b) Resistance as a func-
tion of gate voltage for twisted double bilayer graphene device 2 fabricated
using TFS assisted slice-and-stack. (c) Image of the twisted double bilayer
graphene device 3 measured. Scale bar represents 10 µm. (d) Resistance
as a function of gate voltage for twisted double bilayer graphene device 3
fabricated using TFS assisted slice-and-stack.
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S4 Miscellaneous
Figure S5: Images from Fig 2 in main text without optical guides:(a) Colour
enhanced image of the BN picking up first slice of graphene shown in Fig. 2(b)
of the main text with the dashed lines omitted. (b) Colour enhanced image
of the BN picking up second slice of graphene to complete the twisted stack
shown in Fig. 2(c) of the main text with the dashed lines omitted.
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